T. mPGES-1 deletion impairs diuretic response to acute water loading. Am J Physiol Renal Physiol 296: F1129 -F1135, 2009. First published February 18, 2009 doi:10.1152 doi:10. /ajprenal.90478.2008 has an established role in renal water handling. The present study was undertaken to examine the role of microsomal prostaglandin E synthase-1 (mPGES-1) in the diuretic response to acute and chronic water loading. Compared with wild-type (ϩ/ϩ) controls, mPGES-1 Ϫ/Ϫ mice exhibited impaired ability to excrete an acute, but not chronic water load. In response to acute water loading, urinary PGE2 excretion in the ϩ/ϩ mice increased at 2 h, in parallel with increased urine flow. In contrast, the Ϫ/Ϫ mice exhibited a delayed increase in urinary PGE 2 excretion, coinciding with the stimulation of renal medullary mRNA expression of cytosolic prostaglandin E synthase but not mPGES-2. At baseline, renal aquaporin-2 (AQP2) expression in mPGES-1 Ϫ/Ϫ mice was enhanced compared with the ϩ/ϩ control. In response to acute water loading, renal AQP2 expression in the ϩ/ϩ mice was significantly reduced, and this reduction was blunted in the Ϫ/Ϫ mice. Despite striking changes in AQP2 protein expression, renal AQP2 mRNA in both genotypes largely remained unchanged. Overall, these data support an important role of mPGES-1 in provoking the diuretic response to acute water loading. water loading; aquaporin-2; collecting duct; diuresis THE REGULATION OF WATER BALANCE by the kidney is one of the most fundamental homeostatic functions of the body. Renal water handling largely relies on hormonal regulation of osmotic water permeability in the collecting duct (CD). Arginine vasopressin (AVP) is a primary regulator of osmotic water permeability in the CD, where it binds to the G s proteincoupled vasopressin V 2 receptor (V 2 R), leading to activation of adenylyl cyclase and then elevation of intracellular cAMP. Increases in cAMP levels activate PKA, which phosphorylates the water channel aquaporin-2 (AQP2), leading to shuttling of the channel to the apical membrane. AVP-dependent regulation of AQP2 also occurs at the transcriptional level. PKAmediated phosphorylation of a cAMP-response element binding protein (CREB protein) binds to the promoter region of the AQP2 gene and increases gene transcription (24). The trafficking phenomenon explains the immediate effect of AVP, while the activation of AQP2 gene transcription is required for the sustained effect of the antidiuretic hormone.
THE REGULATION OF WATER BALANCE by the kidney is one of the most fundamental homeostatic functions of the body. Renal water handling largely relies on hormonal regulation of osmotic water permeability in the collecting duct (CD). Arginine vasopressin (AVP) is a primary regulator of osmotic water permeability in the CD, where it binds to the G s proteincoupled vasopressin V 2 receptor (V 2 R), leading to activation of adenylyl cyclase and then elevation of intracellular cAMP. Increases in cAMP levels activate PKA, which phosphorylates the water channel aquaporin-2 (AQP2), leading to shuttling of the channel to the apical membrane. AVP-dependent regulation of AQP2 also occurs at the transcriptional level. PKAmediated phosphorylation of a cAMP-response element binding protein (CREB protein) binds to the promoter region of the AQP2 gene and increases gene transcription (24) . The trafficking phenomenon explains the immediate effect of AVP, while the activation of AQP2 gene transcription is required for the sustained effect of the antidiuretic hormone.
Besides AVP, locally produced autocrine/paracrine factors, such as prostaglandins (PGs), also participate in the regulation of water excretion. PGE 2 is a major prostanoid produced in the kidney, with the highest amount detected in the inner medulla, where it exerts dual effects on CD water permeability (3) .
When added to the AVP-prestimulated CD, the E series of PGs potently inhibit water absorption and cAMP accumulation (8, 9, 11) , consistent with their in vivo diuretic effects (14) . However, in the absence of AVP, basolateral PGE 2 increases osmotic water absorption (11) . Additionally, PGE 2 may indirectly regulate water excretion by reduction of osmotic gradient via inhibition of solute transport in the thick ascending limbs (TAL) (31) or by increase in renal medullary blood flow.
To date, three major forms of PGE synthase (PGES) have been cloned and characterized: microsomal PGES (mPGES)-1, mPGES-2, and cytosolic PGES (cPGES), with mPGES-1 being the best-characterized PGES. Expression of mPGES-1 is induced by proinflammatory stimuli, often in parallel with the expression of cyclooxygenase 2 (COX-2) (20, 21) . The cardiovascular consequences of COX-2 inhibitors have stimulated the interest about mPGES-1 as a promising target for antiinflammatory drugs (18) . Little information is available regarding the role of mPGES-1 in physiological processes. Within the kidney, mPGES-1 predominates in the CD, a major site for production and action of PGE 2 . In the distal nephron, PGE 2 is best known to antagonize the hydrosmotic effect of AVP, thereby modulating urinary concentrating mechanisms (3). It is unexpected that mPGES-1 deficiency does not affect urine concentration following 12 h of water deprivation (6) . Using mPGES-1 knockout mice, the present study provides evidence for an important role of mPGES-1 in the regulation of urine dilution during acute water loading.
MATERIALS AND METHODS
Animals. mPGES-1 mutant mice were originally generated by Trebino et al. (34) . This mouse colony was propagated at the University of Utah and maintained on a mixed DBA/1lacJ*C57BL/6 background. In all studies, 3-to 4-mo-old mice (equal number of males and females) were used. All protocols employing mice were conducted in accordance the principles and guidance of the University of Utah Institutional Animal Care and Use Committee.
Acute water loading. Acute water loading was performed by an intraperitoneal (ip) injection of 2 ml of water. Mice were immediately placed in metabolic cages (Hatteras Instruments) for hourly urine collections over 6 h, without access to food or water, as previously described (28, 30) . In some studies, mice were killed at different time points after acute water loading, and kidneys were harvested for analysis of gene expression of AQP2 and PGES.
Chronic water loading. Mice were placed in metabolic cages containing normal chow diet and water. After 24-h urine collection at baseline, the diet was switched to high water-content food (75% water content) for 10 days. The gelled diet was prepared as previously described (38) . During 10 days of water loading, daily food and water intake, urine output, and body weight were measured. Urine samples were analyzed for volume and osmolality (Osmett II, Precision Systems, Natick, MA).
Immunohistochemistry. Kidneys from the wild-type and mPGES-1 Ϫ/Ϫ mice after acute water loading were fixed with 3% paraformal-dehyde and embedded in paraffin. Kidney sections (4-m thickness) were incubated in 3% H 2O2 for 10 min at room temperature to block endogenous peroxidase activity. The slides were boiled in antigen retrieval solution (1 mmol/l Tris ⅐ HCl, 0.1 mmol/l EDTA, pH ϭ 8.0) for 15 min at high power in a microwave oven. The sections were incubated overnight at 4°C with anti-AQP2 anybody at appropriate dilutions (23) . After a washing with PBS, the secondary antibody was applied and the signals were visualized using the ABC kit (Santa Cruz Biotechnology).
Immunoblotting. Lysates of the kidney were stored at Ϫ80°C until assayed. Protein concentrations were determined using a Coomassie reagent. An equal amount of the whole tissue protein was denatured at 100°C for 10 min, separated by SDS-PAGE, and transferred to nitrocellulose membranes. The blots were blocked overnight with 5% nonfat dry milk in Tris-buffered saline (TBS), followed by incubation for 1 h with rabbit polyclonal antibodies against AQP2 (gift from Dr. Mark A. Knepper). The blots were washed with TBS followed by incubation with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody for AQP2. Immune complexes were detected using enhanced chemiluminescence methods. The immunoreactive bands were quantified using the Gel and Graph Digitizing System (Silk Scientific).
Enzyme immunoassay. Urine samples were centrifuged for 5 min at 10,000 rpm and diluted 1:1 with enzyme immunoassay buffer. Concentrations of PGE 2 were determined by enzyme immunoassay (Cayman Chemical).
Quantitative RT-PCR. Total RNA was isolated from renal tissues using TRIzol. One microgram of total RNA was denatured at 65°C for 5 min, and cDNA synthesis was then performed at 42°C for 1 h using Superscript reverse transcriptase (BRL, Gaithersburg, MD). Oligonucleotides were designed using Primer3 software (available at http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The sequences of the oligonucleotide primers in the public sequence are as follows: mPGES-1, 5Ј-AGCA CACTGCTGGTCATCAA-3Ј (sense) and 5Ј-CTCCACATCTGGGTCACTCC-3Ј (antisense; GenBank accession no. BC024960); mPGES-2, 5Ј-GCTG GGGC TGTA CCAC AC-3Ј (sense) and 5Ј-GATT CACC TCCA CCAC CTGA-3Ј (antisense); cPGES, 5Ј-GGTAGAGACCGCCGGAGT-3Ј (sense) and 5Ј-TCG-TACCACTTTGCAGAAGCA-3Ј (antisense); mouse GAPDH, 5Ј-GTCTTCACTACCATGG AGAAGG-3Ј (sense) and 5Ј-TCATG-GATTTGGCCAG-3Ј (antisense; GenBank accession no. M32599). Quantitative (q) PCR amplification was performed using the SYBR Green Master Mix (Applied Biosystems) and the Prism 7500 RealTime PCR Detection System (Applied Biosystems). Cycling conditions were 95°C for 10 min, followed by 40 repeats of 95°C for 15 s and 60°C for 1 min.
Data analysis. Data are summarized as means Ϯ SE. Statistical analysis was performed using two-way ANOVA followed by a Bonferroni posttest. P Ͻ 0.05 was considered statistically significant. Table 1 , at baseline body weight, plasma osmolality, urine volume, urine osmolality, urine electrolyte excretion, and plasma AVP were not different between the genotypes. Following an ip injection of 2 ml of water, hourly urine volume was compared between genotypes ( Fig. 1A) . At 1 h of acute water loading, some ϩ/ϩ mice started to show increased urine flow, but almost none of the Ϫ/Ϫ mice produced any urine. At 2 h, a robust increase in urine volume was seen in the ϩ/ϩ mice, but this increase was much less in the Ϫ/Ϫ mice (urine volume: 0.34 Ϯ 0.04 in ϩ/ϩ mice vs. 0.09 Ϯ 0.03 ml in Ϫ/Ϫ mice, P Ͻ 0.01). In the ϩ/ϩ mice, the peak response was observed at 3 h, followed by a gradual recovery. After 5 h, the peak urine flow in the ϩ/ϩ mice was reduced by 80%. Compared with the ϩ/ϩ control, the Ϫ/Ϫ mice appeared to exhibit an attenuated recovery of urine flow in the last 2 h of urine collections, but this trend did not reach a statistical difference. These findings demonstrated a significant delay in the diuretic response in the water-loaded Ϫ/Ϫ mice. In line with these findings, the accumulated urine volume in the Ϫ/Ϫ mice within the first 4 h of acute water loading was significantly less than that in the control group (Fig. 1B) .
RESULTS

Role of mPGES-1 in acute water loading. As shown in
Since collection of 1-h urine under unstimulated condition was unsuccessful, the hourly baseline values (0 h) of urine osmolality (Fig. 2) and urine PGE 2 output (see Fig. 5 ) were Values are means Ϯ SE; n ϭ5-6/group for plasma AVP and plasma osmolality; n ϭ13-14/group for other parameters. mPGES-1, microsomal prostaglandin E synthase-1. No statistical significance was detected for any of the parameters.
based on the 24-h urine collection. Baseline values of urine osmolality were not different between genotypes (Fig. 2) . No values (not zero) were shown at 1 h, since no urine was collected in most of the mice during the first hour of water loading. As expected, in the ϩ/ϩ mice, acute water loading resulted in a rapid and significant reduction of urine osmolality, coinciding with the increased urine flow (Fig. 2) . In contrast, the reduction of urine osmolality was significantly blunted in the Ϫ/Ϫ mice, with statistical significance being detected at 2 and 6 h and a trend of difference at all other time points (Fig. 2) .
AQP2 response to acute water loading. Changes in the level of renal AQP2 expression in response to acute water loading were determined by three independent methods, namely, immunoblotting, immunostaining, and qRT-PCR. By immuno- blotting, AQP2 protein in the kidney was detected as two dominant bands of 35-50 and 29 kDa, both of which showed significant increases in the baseline levels in the Ϫ/Ϫ mice compared with the ϩ/ϩ control (Fig. 3, A and B) . At 1 h of acute water loading, the total abundance of AQP2 protein in the ϩ/ϩ mice was significantly reduced, but this reduction was significantly attenuated in the Ϫ/Ϫ mice (Fig. 3, A and B) . Similar results were obtained with immunostaining ( Fig. 3C) . At baseline, immunostaining showed enhanced AQP2 labeling in the CD of the Ϫ/Ϫ mice compared with the ϩ/ϩ control (Fig. 3) . The pattern of changes in response to acute water loading appeared consistent with the immunoblotting results. To address the concern that the density of the CD in the Ϫ/Ϫ mice might be altered, we compared the numbers of AQP2-positive tubules between the genotypes. The counting was performed using 21 randomly selected microscopic fields (ϫ400) from 7 animals for each genotype. The numbers of AQP2-positive tubules were 58.4 Ϯ 8.1/field in the ϩ/ϩ mice and 56.1 Ϯ 6.5/field in the Ϫ/Ϫ mice (P Ͼ 0.05, n ϭ 21). These data do not reveal evidence for abnormal density of the CD associated with mPGES-1 deletion. Last, qRT-PCR was performed to quantify the changes in AQP2 mRNA expression in the renal cortex and inner medulla (Fig. 4) . To our surprise, AQP2 mRNA in both cortex and inner medulla of the ϩ/ϩ mice remained roughly constant over 4 h of acute water loading. Compared with the ϩ/ϩ control, basal expression of AQP2 mRNA in both kidney regions was significantly increased in the Ϫ/Ϫ mice. In response to acute water loading, the Ϫ/Ϫ mice exhibited a transient reduction of AQP2 mRNA in the inner medulla only at 1 h, whereas this reduction in the renal cortex occurred after 3 h.
Production of PGE 2 in response to acute water loading. Urine samples obtained from mPGES-1 ϩ/ϩ and Ϫ/Ϫ mice following acute water loading were analyzed for PGE 2 . As stated above, the baseline level of the hourly urine PGE 2 output was based on the 24-h urine collection and was significantly higher in the ϩ/ϩ mice than in the Ϫ/Ϫ mice (27 Ϯ 8.7 vs. 107 Ϯ 48 pg/h, P Ͻ 0.05). No values (not zero) were shown at 1 h, since no urine was collected in most of the mice during the first hour of water loading. Urinary PGE 2 levels in the ϩ/ϩ mice were significantly increased at 2 h of acute water loading and returned to the basal level at 4 h. In sharp contrast, in the Ϫ/Ϫ mice, urinary PGE 2 levels remained low at 2 h but were markedly increased after 3 h and even reached a level higher than the ϩ/ϩ control at 4 h of acute water loading, suggesting a delayed stimulation of urinary PGE 2 excretion (Fig. 5) .
Regulation of PGES by acute water loading. Renal expression of the three PGES isoforms, including mPGES-1 and -2 and cPGES, was determined by qRT-PCR. In the ϩ/ϩ mice, renal cortical mRNA expression of mPGES-1, but not mPGES-2 or cPGES, exhibited a significant increase in response to acute water loading (Fig. 6A) . This increase was observed as early as 1 h and was sustained over the remaining time period. However, in these mice, none of the three PGES isoforms exhibited significant changes in the inner medulla (Fig. 6B) . The baseline expression of renal medullary mPGES-2 in the Ϫ/Ϫ mice was significantly higher than the ϩ/ϩ control, while this difference was somewhat diminished after acute water loading. Interestingly, in response to acute water loading, renal medullary cPGES mRNA expression in the Ϫ/Ϫ mice was initially reduced at 1 h but was subsequently time dependently increased, peaking at 4 h, corresponding to the delayed increase in urinary PGE 2 excretion in these mice. In contrast, renal cortical cPGES mRNA expression in the Ϫ/Ϫ mice remained unaltered.
Role of mPGES-1 in chronic water loading. mPGES-1 ϩ/ϩ and Ϫ/Ϫ mice were chronically fed high water-content foods (75% water content) for 10 days. The body weight gain after 10 days of water loading was not different between the two mouse strains (0.1 Ϯ 0.38 g in ϩ/ϩ mice vs. 0.3 Ϯ 0.76 g in Ϫ/Ϫ mice, P Ͼ 0.05) nor was the food intake (average of daily food intake: 16.2 Ϯ 0.31 g in ϩ/ϩ mice vs. 15.3 Ϯ 0.51 g in the Ϫ/Ϫ mice, P Ͼ 0.05). Chronic water loading induced similar increases in urine volume, paralleled with similar decreases in urine osmolality in the ϩ/ϩ and Ϫ/Ϫ mice, and there were no significant differences between genotypes in either one of the parameters (Fig. 7) .
DISCUSSION
Our group has previously shown that mPGES-1 Ϫ/Ϫ mice exhibited impaired diuretic and natriuretic responses during an acute salt load and further developed salt-sensitive hypertension when placed on a high-salt diet (13) . This finding demonstrates an important role of mPGES-1-derived PGE 2 in facilitating salt excretion in the face of salt excess. In extension of the previous observation, the present study provided new evidence supporting an important role of mPGES-1 in the regulation of water excretion during acute water loading. Indeed, numerous studies have identified PGE 2 as an import regulator of both Na ϩ and water transport along the nephron (1, 3) . In vitro microperfusion studies demonstrate that PGE 2 directly inhibits Na ϩ and Cl Ϫ transport in the thick ascending limbs (TAL) (31, 32) , and water and Na ϩ transport in the CD (5, 8 -10, 32) . PGE 2 may also indirectly stimulate urinary Na ϩ and water excretion by regulating renal medullary blood flow (27) . The series of studies from our group suggest that the well-described natriuretic and diuretic effects of PGE 2 both can be assigned to mPGES-1. Together, our findings reinforce the concept that this cytokine-inducible PGES may play an important physiological role in the control of fluid metabolism. Thus mPGES-1 inhibitors, which are viewed as promising analgesic drugs, may not be devoid of the well-described cardiorenal consequences associated with COX-2 inhibitors (2, 17).
The baseline level of urinary PGE 2 was significantly reduced in mPGES-1 Ϫ/Ϫ mice, consistent with previous reports (6, 13) . These results support mPGES-1 as a major source of basal renal PGE 2 production. At 2 h of acute water loading, the ϩ/ϩ mice exhibited a marked increase in urinary PGE 2 excretion that was significantly blunted in the Ϫ/Ϫ mice. These data suggest that the initial rise of urinary PGE 2 levels during acute water loading is nonredundantly contributed by mPGES-1. While the delayed increase in urinary PGE 2 excretion in the Ϫ/Ϫ mice after 3 h of acute water loading clearly indicates involvement of PGES isoforms other than mPGES-1. Besides mPGES-1, two other major PGES isoforms, namely, mPGES-2 and cPGES, have been identified. We were surprised to find that the stimulation of renal expression of cPGES but not mPGES-2 in mPGES-1 Ϫ/Ϫ mice coincided with the increased urinary PGE 2 excretion at the latter time points of acute water loading. These results suggest an intriguing possibility that the compensatory action of renal cPGES in the Ϫ/Ϫ mice may contribute to the delayed increase in renal PGE 2 synthesis and thus the delayed diuretic response. cPGES is a cytosolic glutathione-dependent PGES and is also identical to p23, a steroid hormone receptor/heat shock protein (hsp)90-associated protein (33) . Analysis of mice lacking cPGES/p23 by two independent groups reveals that this gene is required for glucocorticoid receptor function and embryonic growth but not PGE 2 synthesis, therefore arguing against this enzyme as a PGES (19, 22) . However, since cPGES/p23 Ϫ/Ϫ mice are postnatally lethal, these studies are unable to characterize this enzyme under physiological conditions. Our results raise a possibility that cPGES may act in concert with mPGES-1 to sustain renal PGE 2 production, particularly in the face of water excess. Unfortunately, since neither cPGES inhibitors nor adult cPGES knockout mice are available, physiological studies of cPGES are not feasible at the present time. The molecular targets of mPGES-1-derived PGE 2 during acute water loading remain elusive. PGE 2 is reported to inhibit AVP-induced translocation of AQP2 to the plasma membrane in isolated rat inner medulla (37) . Along this line, COX-2 activity is shown to suppress renal AQP2 expression, leading to the urine concentrating defect caused by ureteral obstruction (4, 26) . In agreement with these observations, we demonstrated elevated baseline expression of renal medullary AQP2 in mPGES-1 Ϫ/Ϫ mice at both mRNA and protein levels. The data suggest that mPGES-1-derived PGE 2 may exert a tonic inhibition on renal AQP2 expression. Following acute water loading, a marked reduction of AQP2 immunoreactivity was observed in both ϩ/ϩ and Ϫ/Ϫ strains. These findings imply that mPGES-1 may not be directly responsible for the suppression of renal AQP2 expression. While at 1 h of acute water loading, AQP2 immunoreactivity in the inner medulla of the ϩ/ϩ mice almost completely disappeared, in contrast to the clearly detectable AQP2 expression in the Ϫ/Ϫ mice. We suspect that the elevated AQP2 protein expression in the water-loaded Ϫ/Ϫ mice may be due to the high baseline level of AQP2.
AQP2 trafficking in the CD principle cells in response to the activation of the V 2 receptor of AVP has been well documented as a major mechanism for regulation of renal water excretion (23, 24, 36) . We anticipated to observe redistribution of AQP2 labeling from the plasma membrane to intracellular compartments in response to acute water loading. We were surprised to find that acute water loading resulted in an immediate and nearly complete disappearance of renal medullary AQP2 protein expression in the ϩ/ϩ mice. This phenomenon cannot be explained by the trafficking of AQP2. The unaltered AQP2 mRNA expression after acute water loading further ruled out a transcriptional mechanism. The remaining possibility is that the degradation of AQP2 in the renal medulla may be altered during acute water loading. According to the hydration status, the osmolality level in the renal medulla robustly fluctuates to adjust urine concentrating or diluting ability. A previous study using stably transfected mIMCD3 cells expressing AQP2 demonstrates that hypertonicity stabilizes AQP2 protein, independently of AVP (35) . Based on this observation, it seems predictable that renal medullary hypotonicity typically seen during water loading may destabilize AQP2 protein. In support of this possibility, our results showed that along the corticomedullary axis the reduction of CD AQP2 protein after acute water loading becomes increasingly prominent toward the papilla, consistent with the osmotic gradient. Hirano et al. (12) report that, when expressed in an in vitro system, AQP2 mutants causing nephrogenic diabetes insipidus exhibit increased degradation through the proteasome-mediated pathway. To our knowledge, the present study provides the first in vivo evidence suggesting regulation of the degradation of renal AQP2 protein as a potential urine diluting mechanism during acute water loading. Future studies are needed to determine whether PGE 2 regulates the posttranslational regulation of renal AQP2.
How mPGES-1 Ϫ/Ϫ mice maintain normal water balance during chronic water loading is unknown. As discussed above, this can be related to the compensatory activation of renal cPGES in the Ϫ/Ϫ mice. Besides PGE 2 , multiple autocrine and paracrine factors, such as endothelin-1 (ET-1) (7), nitric oxide (25) , and adenosine (29) , regulate water transport in the CD. In particular, mice lacking ET-1 in the CD exhibit reduced ability to excrete an acute water load but maintain intact diuretic response during chronic water loading (7), a phenotype almost analogous to that of mPGES-1 Ϫ/Ϫ mice. Unexpectedly, although ET-1 is known to stimulate PGE 2 production in rat and rabbit isolated inner medullary CD (15, 16) , the conditional ET-1 knockout mice have increased but not decreased urinary PGE 2 excretion (7), suggesting a parallel relationship between the two diuretic factors. Thus multiple autocrine and paracrine systems contribute to the water load-induced diuresis and may be able to compensate for the loss of a single one.
In summary, using mPGES-1 knockout mice, the present study provides evidence for an important role of mPGES-1-derived PGE 2 in facilitating excretion of an acute water load. The studies also show evidence for the compensatory activation of cPGES in the absence of mPGES-1. The new data help in an understanding of the PGE 2 -dependent pathway in the control of water balance and also suggest renal fluid retention as a potential adverse effect of mPGES-1 inhibitors.
